Abstract Three-dimensional (3D) imaging of tissue sections is a new frontier in mass spectrometry imaging (MSI). Here, we report on fast 3D imaging of lipids and metabolites associated with mouse uterine decidual cells and embryo at the implantation site on day 6 of pregnancy. 2D imaging of 16-20 serial tissue sections deposited on the same glass slide was performed using nanospray desorption electrospray ionization (nano-DESI)-an ambient ionization technique that enables sensitive localized analysis of analytes on surfaces without special sample pretreatment. In this proof-of-principle study, nano-DESI was coupled to a high-resolution Q-Exactive instrument operated at high repetition rate of >5 Hz with moderate mass resolution of 35,000 (m/Δm at m/z 200), which enabled acquisition of the entire 3D image with a spatial resolution of ∼150 μm in less than 4.5 h. The results demonstrate localization of acetylcholine in the primary decidual zone (PDZ) of the implantation site throughout the depth of the tissue examined, indicating an important role of this signaling molecule in decidualization. Choline and phosphocholine-metabolites associated with cell growthare enhanced in the PDZ and abundant in other cellular regions of the implantation site. Very different 3D distributions were obtained for fatty acids (FA), oleic acid and linoleic acid (FA 18:1 and FA 18:2), differing only by one double bond. Localization of FA 18:2 in the PDZ indicates its important role in decidualization while FA 18:1 is distributed more evenly throughout the tissue. In contrast, several lysophosphatidylcholines (LPC) observed in this study show donut-like distributions with localization around the PDZ. Complementary distributions with minimal overlap were observed for LPC 18:0 and FA 18:2 while the 3D image of the potential precursor phosphatidylcholine 36:2 (PC 36:2) showed a significant overlap with both LPC 18:0 and FA 18:2.
Introduction
Mass spectrometry imaging (MSI) enables molecular imaging of ionizable molecules in biological samples with a spatial Published in the topical collection Mass Spectrometry Imaging with guest editors Andreas Römpp and Uwe Karst.
Electronic supplementary material The online version of this article (doi:10.1007/s00216-014-8174-0) contains supplementary material, which is available to authorized users. resolution approaching that of histological imaging [1] [2] [3] [4] . This capability has been extensively used for spatially resolved analysis of biological systems [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For example, MSI has been widely used for obtaining molecular signatures of diseases [16] [17] [18] [19] [20] [21] , studying metabolic processes in plant tissues [22] [23] [24] [25] [26] , understanding metabolic exchange between microbial communities [27] [28] [29] , and localizing drugs in tissues [30-34, 9, 12, 35] . Three-dimensional (3D) molecular imaging has been identified as an emerging frontier in MSI [36] . High spatial and depth resolution have been achieved in 3D imaging of biological samples using secondary ion mass spectrometry (SIMS) [37] [38] [39] [40] . 3D SIMS imaging experiments use alternating cycles of 2D imaging in the static regime and in situ ion sputtering of the top layer of material from the surface [37, 41-43, 38, 44, 39] . This approach has been used for 3D imaging of single cells with a lateral resolution down to 300 nm and a depth resolution of 100 nm [43] and for depth profiling of rat brain tissue sections using a C 60 + sputter source [44] . Despite the success of 3D SIMS imaging of biological samples, data interpretation is often complicated by the facile fragmentation of molecules in SIMS analysis.
Soft ionization techniques enable 2D and 3D imaging of intact biomolecules in biological samples [5, 6, 45, 8, 46, 47, [9] [10] [11] [12] [13] [14] 48] . 3D imaging has been accomplished using matrixassisted laser desorption ionization (MALDI) [49] [50] [51] [52] [53] [54] 15] , desorption electrospray ionization (DESI) [55, 56] , and laser ablation electrospray ionization (LAESI) [57] . In these experiments, 2D imaging of multiple mouse tissue sections using traditional approaches was followed by data registration and 3D reconstruction of the resulting images. Because the analysis time increases with an increase in spatial resolution, 3D imaging experiments based on soft ionization techniques are typically performed with a spatial and vertical resolution of >100 μm. Rapid image acquisition and minimal sample pretreatment prior to analysis are necessary for increasing the throughput of the 3D MSI experiments [58] . When coupled to a fast mass analyzer, ambient surface ionization techniques, that do not require matrix application or any other special sample pretreatment, are ideally suited for high-throughput 3D imaging experiments.
Herein, we report on 3D imaging of decidualizing mouse uterine tissue sections using nanospray desorption electrospray ionization (nano-DESI) MSI [59] -a recently developed ambient ionization technique that relies on localized liquid extraction of analyte molecules from complex samples followed by efficient transfer of the extracted material to a mass spectrometer inlet and soft ionization by nanoelectrospray prior to MS analysis. Nano-DESI has been previously used for chemical analysis and imaging of complex biological and environmental samples, evaluation of matrix effects, and quantification of lipids and metabolites in biological tissue sections [60-64, 28, 65, 66, 29, 67-72] . When coupled with high-resolution mass spectrometry, nano-DESI enables sensitive analysis and imaging of hundreds of ionizable molecules in complex samples without special sample pretreatment. Furthermore, the solvent composition may be optimized for the more efficient extraction and ionization of different classes of compounds [62] . In this study, nano-DESI MSI was performed using a high-resolution mass spectrometer operated at a high repetition rate, which enabled rapid acquisition of 3D images of biological tissues.
Experimental section

Tissue collection and handling
All mice used in this investigation were housed in the Cincinnati Children's Hospital Medical Center Animal Care Facility according to National Institutes of Health and institutional guidelines for the use of laboratory animals. All protocols of the present study were reviewed and approved by Cincinnati Children's Hospital Research Foundation Institutional Animal Care and Use Committee. Adult CD-1 mice were purchased from Charles River Laboratory (Raleigh, NC). Females were mated with fertile males of the same strain to induce pregnancy (day 1 of pregnancy = vaginal plug). Embryo implantation sites on day 6 of pregnancy were dissected from uteri and snap frozen. Successive 12-μm-thick sections of ∼4-5 mm in diameter from the central part of the tissue were mounted onto ∼20×16 mm areas on glass slides precoated with poly-L-lysine; each slide contained 16 to 20 sections per implantation site. For this first study, the whole tissue was not utilized due to its small size. study. Slides were stored at −80°C. The slides were equilibrated to room temperature prior to analysis.
Nano-DESI imaging
A custom-designed nano-DESI imaging source was mounted onto a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). The nano-DESI probe was assembled using a specially designed capillary holder, in which two fused silica capillaries (ID 50 μm, OD 150 μm, Polymicro Technologies, LLC, Phoenix, AZ) were placed in precisely machined grooves and sandwiched between two plastic plates. The capillaries were positioned in the holder under a microscope and fixed by tightening set screws connecting the two plates [67] . A custom-made nano-DESI sample holder attached to a motorized XYZ stage (Newport Corp., Irvine, CA) was controlled by custom-designed LabVIEW software as described in our previous study [65] . A 9:1 methanol:water mixture was used as a nano-DESI solvent. The solvent was delivered via a syringe pump (Legato 180, KD Scientific) through the primary capillary to the sample at a flow rate of 0.5 μl/min. Ions were produced by nanoelectrospray from the secondary capillary at the mass spectrometer inlet by applying a high voltage of 3.0 kV to a stainless steel union housing the primary capillary. The heated capillary was kept at 250°C. 3D images were acquired for implantation sites obtained from three different animals by moving the sample under the nano-DESI probe in the x-direction in lines at 200 μm/s and stepping between the individual lines by 154 μm in the ydirection. In a typical experiment, about 100 lines were acquired over a ∼20×16 mm area on the glass slide containing on average 20 successive tissue sections thereby creating ion images for all the sections in one experiment. The total acquisition time for one 3D image was around 4.5 h. The QExactive instrument was operated in a positive mode with a mass resolution of 35,000 (m/Δm at m/z 200) and an average acquisition rate of 5.2 Hz. Higher mass resolution was not necessary for these proof-of-principle experiments.
Tandem mass spectrometry (MS/MS) experiments were performed on molecules observed in nano-DESI spectra using data dependent acquisition, in which a full-scan MS is followed by MS/MS of the most abundant ions. The mass range for the full-scan MS was m/z 83.4 to 1251 with 35,000 resolving power (m/Δm at m/z 200). MS/MS spectra were acquired with a resolving power of 17,500. This experiment enables selective acquisition of data without user intervention, which is important in applications such as automated structural identification, sequence determination and unknown compound confirmation. The Q-Exactive Orbitrap mass spectrometer operates at a mass accuracy of <3 ppm with external calibration. Dynamic exclusion of 50 s was used in this study. Dynamic exclusion puts a mass into a temporary exclusion list after its MS/MS spectrum is acquired, providing the opportunity to collect MS/MS information on less abundant components that may otherwise not be examined. Data was acquired in positive ion and in profile mode. Other acquisition parameters were maximum injection time of 50 ms for fullscan MS and 100 ms for MS/MS. Each MS/MS spectrum was acquired with a mass isolation window of 2 amu using higher collision energy dissociation (HCD), during which the nominal collision energy was ramped in the range of 24-36 V.
Data analysis
Imaging datasets were visualized and processed using the customized imaging software, MSI QuickView [73] . MSI QuickView enables real-time visualization and the postprocessing of imaging datasets acquired as a collection of line scans across the sample. Specifically, it enables generation of ion images for multiple selected m/z values and m/z ranges, visualization of spectra and extracted ion chronograms (timedependent signal of a selected m/z), image classification, normalization, and correction for variations in the acquisition time of individual spectra [65] . Since individual tissue sections where imaged side-by-side in this study, a semiautomated approach was developed to separate and register the 2D sections to generate the final 3D images. The optical image was first warped to bring it into the coordinate system of the 2D ion image. This was performed by selecting identical pair of points in both images and then using the spatial transformation function in MATLAB. Individual tissue sections were then cropped out from the warped optical image. Finally, the initial section was used as the reference and the adjacent sections were warped into its coordinate system by selecting identical points on both images using the 2D spatial transformation function in MATLAB. The registration parameters were saved and used to automatically register all 2D ion images, which were loaded into the open-source visualization and analysis toolkit, ImageJ (http://imagej.nih.gov/ij/), for 3D visualization. All ion images shown in this study were normalized to the total ion current (TIC).
Results and discussion Figure 1a shows an optical image of one of the glass slides used in the 3D imaging experiments; Fig 1b shows a close up of a representative mouse uterine section examined in this study. The same orientation is used in all ion images and supplementary movies presented herein. The attachment of the blastocyst to the uterine luminal epithelium (le) at the antimesometrial (AM) pole initiates decidualization of underlying stromal cells at this site [74] . In contrast, the mesometrial (M) pole is the future site of placentation. Previous studies showed that differences in the biological processes occurring at the AM and M poles result in distinct localization of proteins and lipids at the implantation site. In this study, we examined spatial distribution of ionizable and relatively abundant lipids and metabolites associated with the development of the embryo-decidua unit on day 6 of pregnancy using 3D nano-DESI imaging. 3D images were acquired for implantation sites from three different animals. Similar results were obtained in all three data sets. Figure 2 shows a representative mass spectrum obtained by averaging a line scan across one of the tissue sections; a typical single-pixel spectrum is shown in Fig S1 of + of phosphocholine at m/z 222.028, and snapshots of the corresponding 3D images. The actual 3D images are shown in Movies S1-S3 of the ESM. In agreement with our recent tandem mass spectrometric (MS/MS) imaging study, acetylcholine is localized to the avascular primary decidual zone (PDZ) [67] . In contrast, while choline and phosphocholine show enhanced signal in the PDZ, they are also observed in other cellular regions of the implantation sites. Choline, a precursor of acetylcholine, is an essential nutrient necessary for biosynthesis of phospholipids. In the PDZ, an increase in choline and phosphocholine could contribute to cellular differentiation and intracellular signal transduction. Acetylcholine is an important signaling molecule known to be involved in gastrulation (an early stage of embryo development that precedes the formation of individual organs or organogenesis) [75] . For example, Laasberg and Neuman observed a sharp increase in the activity of acetylcholinesterase (AChE) (an enzyme responsible for conversion of acetylcholine into choline) in gastrulating chicken embryos [76] . Furthermore, Gustafson and Toneby suggested that acetylcholine initiates morphogenetic cell movements in sea urchin embryos [77] , while Drews et al. correlated the enhanced activity of AChE with morphogenesis [78] . However, AChE was not detected using immunoblot in a study focused on choline uptake and metabolism in mouse embryos [79] . The observed specific localization of acetylcholine to the PDZ indicates that this molecule plays an important role unique to decidual cell signaling.
Fatty acid (FA) and phospholipid synthesis are critically important in embryonic development. Chirala et al. demonstrated that homozygous mutant mouse blastocysts lacking fatty acid synthase die before implantation, while heterozygous embryos die at different stages of development [80] . Although MSI has been extensively used for imaging of endogenous lipids in tissue sections, little work has been done on the spatial localization of FAs. In MALDI MSI, the lower m/z region is dominated by matrix peaks making it difficult to detect FAs due to overlapping peaks. Furthermore, in positive ion mode, FA signals in MSI experiments are typically less abundant than phospholipid signals. Ambient nano-DESI imaging used in this study is suitable for simultaneous visualization of lipids and metabolites with high sensitivity and low chemical background [64] [65] [66] . visualizing ion intensities, MSI provides information on the biological processes occurring in living systems. However, the interpretation of ion images must be done with caution as they may be affected by "matrix effects" (signal suppression in direct ionization of complex analyte mixtures). Matrix effects in nano-DESI MSI have been discussed in detail in our recent study [71] , in which we also introduced an approach that efficiently compensates for matrix effects by adding appropriate standards to the nano-DESI solvent and normalizing ion intensities of endogenous signals to the intensity of the standard. Of note, similar 3D images were obtained in this study when ion intensities were normalized to TIC and to the internal standard indicating that the observed 3D images of ionizable compounds closely represent the actual concentration gradients in the system. The 3D images of FA 18:2 and LPC 18:0 indicate changes in metabolic fluxes resulting in formation of these species in different cellular regions of the uterus.
FA 18:1 and FA 18:2 have very similar ionization properties and it is reasonable to compare ion distributions of these species as they are expected to be suppressed or enhanced to the same extent by matrix effect. The signal of FA 18:2 is significantly enhanced in the PDZ region of the AM pole and almost completely undetectable in other parts of the mouse uterine tissue. In contrast, the signal of FA 18:1 at m/z 321.218 (Movie S7) is almost uniformly distributed along the uterus indicating that the degree of unsaturation has a significant effect on the distribution of FAs at this stage of embryo development. This assertion is further supported by the differences in the spatial localization of LPC 18:0 (Fig 4) and LPC 18:1 at m/z 560.310 (Movie S8), which also have similar ionization properties. The signal corresponding to LPC 18:1 is enhanced in the M pole and the spatial distribution is almost complementary to the spatial distribution of LPC 18:0. It is interesting to compare our observations with the immunostaining data reported by Chirala et al. [80] . Specifically, they demonstrated that on day 6 of pregnancy, fatty acid synthase (FAS) responsible for FA synthesis is expressed in the decidual cells surrounding the embryo and the embryonic and extraembryonic endoderm. Furthermore, Tian et al. showed that, on day 7 of pregnancy in mice, fatty acid binding protein 4 (FABP4) involved in the transfer of FAs between extra-and intracellular membranes is expressed in the decidua [82] . The enhanced abundance of FA 18:2 in the PDZ is consistent with the enhanced expression of proteins involved in the synthesis and transport of FAs at this early stage of embryo development.
Conclusions
In this study, we present the first 3D imaging of mouse uterine sections on day 6 of pregnancy using nano-DESI imaging mass spectrometry. By imaging ∼20 mouse uterine tissue sections mounted on the same glass slide using the high repetition rate of the Q-Exactive, 3D images with a spatial resolution of 150 μm in Y and a vertical resolution of 12 μm were acquired in less than 4.5 h. This relatively short acquisition time enables high-throughput 3D imaging and reduces possible experimental artifacts related to lipid and metabolite degradation during the MSI experiment.
MSI provides insights into lipid and metabolite distributions in biological systems which are determined by many complex processes. The ability to map distributions of ionizable lipids and metabolites in 3D, in a fairly high-throughput manner and with high sensitivity, enables comparison of spatially resolved molecular signatures with other spatially resolved measurements such as immunostaining, in situ hybridization, magnetic resonance spectroscopy, or radiolabeling. The 3D images in this study demonstrated differences in ion distributions of choline, phosphocholine, and acetylcholine. Tight localization of abundant acetylcholine ions in the PDZ indicates that this molecule is involved in decidual cell signaling. In contrast, the spatial distribution of choline and phosphocholine mimics the spatial distribution of ionizable phospholipids, which is consistent with the role of these small molecules as precursors in the synthesis of PC. In addition, we found that small differences in the composition of the fatty acid tail have a significant effect on the spatial distribution of FAs and lipids and that the enhanced abundance of FA 18:2 in the PDZ suggests its special role in the decidualization process on day 6 of pregnancy. A single-pixel MS spectrum, MS/MS spectra of selected compounds discussed in the paper, selected 2D images, and the 3D image reconstruction can be found in the Electronic Supplementary Material.
